0 transition metal (TM) oxides exhibit anomalously large Born dynamical charges associated with off-centering or motion of atoms along the TM-O chains. To understand their chemical origin, we introduce "Wannier Orbital Overlap Population" (WOOP) and "Wannier ond Orbital Position Population" (WOPP) based on the Wannier function based description of electronic structure obtained within first-principles density functional theory. We apply these concepts in a precise analysis of anomalous dynamical charges in PbTiO3, BaTiO3 and BaZrO3 in the cubic perovskite structure. Determining contributions of different atomic orbitals to the dynamical charge and their break-up into local polarizability, charge transfer and covalency, we find that p orbitals of oxygen perpendicular to the -TM-O-chain contribute most prominently to the anomalous charge, by facilitating a transfer of tiny electronic charge through one unit cell from one TM atom to the next. Our results explain why the corner-shared linkage of TMO6 octahedra, as in the perovskite structure, is ideal for large dynamical charges and hence for ferroelectricity.
I. INTRODUCTION
Transition metal oxides (TMOs) exhibit a rich variety of structural, electric and magnetic properties 1,2 , owing mostly to the d electronic states of the transition metal. Partially occupied d states of a TM in its oxide result in different possibilities of magnetic ordering and properties, where as the TMOs with unoccupied d states usually are non-magnetic insulators with structural and dielectric properties of technological importance 3 . Most ferroelectric (ABO 3 ) oxides in the perovskite structure 4 have a d 0 transition metal at the B-site, and interaction between d states of TM with p states of O are known to be crucial to their properties 5 . Many binary d 0 TM oxides such as TiO 2 and ZrO 2 hold promise as high-k dielectric materials 6 essential to the future ultra-thin semiconductor devices. Understanding how precisely the d 0 state of a TM atom and its interaction with oxygen gives rise to these properties is fundamentally interesting and will also help in design of better materials.
Dielectric properties are intimately related to electric polarization (dipole moment per unit volume) of insulators. It is spontaneously present in a ferroelectric material 4 even in the absence of external fields, and its coupling with structure, electric and elastic fields are central to technologically important properties of these materials. Dynamical charges, known as Born effective charges(BEC), yield polarization induced due to small displacements of atoms from their equilibrium positions. Anomalous charge is evaluated as the difference between the dynamical charge associated with an atom and the nominal charge represented by it's oxidation state. They are also the coupling constants between atomic displacements and electric field, and are relevant to the properties of materials in two important ways: (a) they often are anomalously large and indicators 7, 8 of the ferroelectric structural instabilities or low frequency (soft) polar phonon modes and (b) static dielectric (piezoelectric) response depends quadratically (linearly) on the effective charges and is dominated by the softest phonons indicated by the anomalous effective charges 3 . First-principles calculations based on density functional theory (DFT) have been extensively used in determining dielectric 3 and ferroelectric 9 properties of the d 0 transition metal oxides. Within firstprinciples DFT framework, BECs are commonly calculated using two methods: (a) Berry phase based expression of polarization and (b) DFT-linear response. Both approaches are based in the k−space and do not readily yield a picture in real-space of the flow of electronic charge in terms of bonding. Band-by-band decomposition 10 of effective charges using the linear response method was used to estimate contributions of different atomic orbitals to their anomalously large values, highlighting the role of hybridization between d states of TM with p states of oxygen. The band-by-band decomposition 11 of BECs associated with the Ba, Ti and O atoms in BaTiO 3 , in groups of bands corresponding to different maximally localized Wannier functions 16 , was found to be in good agreement with that obtained using the linear response based approach by Ghosez etal 10 . Recently, analysis based on Wannier functions 12, 13 has indicated the important role played by the oxygen orbitals in giving rise to large anomalous Z ⋆ of the TM atoms in TMOs. However, a quantitative estimation of various contributions such as covalency, local polarizability and charge transfer to Z ⋆ is still lacking. In this work, we link Wannier function based description with atomic orbitals to quantify various chemical contributions to Z ⋆ . Polarization along x−direction is given by the trace of P xP , where x is the position operator and P an operator of projection into subspace of occupied states. A natural microscopic picture of its makeup can be obtained by diagonalization of the P xP operator. For systems periodic in 1-dimension, eigenfunctions of P xP operator are the Wannier functions 14 (or hermaphrodite orbitals of 3-D periodic systems 15 ). For 3-dimensional periodic systems, P xP , P yP and P zP do not generally commute and can be diagonalized simultaneously only approximately, resulting in maximally localized Wannier functions 16 . In analogy with crystal orbital overlap population 17 , based on projections of Wannier functions onto atomic orbitals, we propose here concepts of Wannier Orbital Overlap Population (WOOP) and Wannier Orbital Position Population (WOPP), which are used to determine quantitatively the contributions of different electronic mechanisms to anomalous dynamical charges. In principle, Mulliken 18 charge population becomes a subset of WOOP, if the Wannier functions are replaced by an atomic orbital basis set in which the electronic wave functions are expanded. On the other hand, WOPP introduces a new scheme to accurately estimate the degree of covalency.
In section II, we describe the systems analyzed in this work. We review in section III the definition of BEC, a method to construct localized Wannier Functions (WFs), and introduce WOOP and WOPP. In Section IV, we present results of our analysis and break-up of the effective charge into different mechanisms, and finally conclude in section V.
II. SYSTEMS
PbTiO 3 (PTO) is an end member (x = 1) of PbZr 1−x Ti x O 3 (PZT), the most commonly used technological ferroelectric material. It occurs in the perovskite structure with a tetragonal ferroelectric phase up to a relatively high Curie temperature T c = 763 K, above which it transforms to the cubic paraelectric phase. While the stereochemical activity of lone pair of 6s electrons in Pb is known to be crucial for its properties, it shares with other perovskite ferroelectrics the d 0 TM-oxygen interaction contributing to ferroelectricity. It has been studied extensively using first-principles calculations 19 . As indicators of ferroelectric instability, effective charges of Pb and Ti in its cubic paraelectric phase (a = 3.97Å) are 3.9 and 7.1 respectively, which are analyzed here.
BaTiO 3 (BTO), a related material, undergoes a sequence of structural transitions from cubic to tetragonal, then to orthorhombic and subsequently to rhombohedral phase as temperature is reduced. In the cubic structure (a = 4.00Å), BECs of Ba and Ti are 2.74 and 7.2 respectively. Polarization of BaTiO 3 is relatively small partly because Ba does not have any lone-pair of electrons and does not contribute much to ferroelectricity. A comparative study of PbTiO 3 and BaTiO 3 allows us to identify the special role of Pb at A-site.
Finally, we analyze effective charges in BaZrO 3 (BZO), which remains stable in the paraelectric phase at all T, with the cubic perovskite structure (a = 4.19Å). Effective charges of Ba and Zr are 2.74 and 5.7 respectively. Comparison of various contributions to anomalous charges of Zr and Ti allows us to single out the chemical mechanism which leads to ferroelectricity in BaTiO 3 , but not in BaZrO 3 .
III. METHODS
All calculations reported here have been carried out with ABINIT 20 implementation of DFT using Teter extended norm-conserving pseudopotentials and a plane wave basis. The s and p semi-core states of Ti, Zr and Ba are included in the valence. An energy cutoff of 80 Ry on the plane-wave basis is used in representing Kohn-Sham wave functions. Integrals over the Brillouin zone have been sampled with a 6×6×6 uniform mesh of k-points. Wannier functions have been constructed using post-processing subroutines interfaced with ABINIT code, developed by the authors 14 .
A. Born effective charge
Elements of the BECs of an atom (I) are tensors, whose elements Z ⋆ αβ,I are the coupling constants between atomic displacements (phonon) and electric field. Force F felt by an atom I in the presence of electric field E is:
where as the dipole moment induced by displacement u of an atom is:
Corresponding change in the polarization is ∆µ/V , V being the volume of unit cell. In this work, we use the relation (2) in analyzing the BEC. A well localized WF W n (r) (constructed in the scheme described below) enables evaluation of expectation values of position operator:
The total electronic contribution to the dipole moment per unit cell is obtained by summing over all the bands: µ x = ef n < x > n , e being the electronic charge and f the occupation number of the nth band. The BEC can be determined from the changes in the dipole moment resulting from the off-centering of an atom. For example, BEC associated with dipole induced along x direction by a small displacement u x of an ion I is given by:
where
is the ionic charge (Z ion I = number of valence electrons of the given atom treated with a pseudopotential). ∆µ e x is calculated from the WCs as:
are the expectation values of x obtained using the i-th WF with and without the atomic displacement respectively. WFs thus allow decomposition of the dynamical charge into contributions from different bonding orbitals spanning the occupied subspace.
B. Wannier functions
Wannier functions(WF) are obtained as Fourier transform of Bloch functions of occupied bands. At any wave vector k, any unitary transformation of Bloch functions within the occupied band subspace is a valid description of electronic structure in the sense that the total energy is invariant under such a transformation. As a result, WFs are highly non-unique. Nevertheless, there are always some special choices of these unitary rotations, also known as gauge, which yield highly localized sets of WFs 16, 21 . In this work, we use the Wannier type localized orbitals (WLO) described in Ref 21 :
where the wave functions {u lk (r)}, obtained from a DFT calculation, are the cell periodic part of Bloch functions. Rotation of these functions by the unitary matrix M k (at each k) is aimed at obtaining a set of wave functions that are smooth and periodic in reciprocal space, a criterion necessary to obtain well localized WFs.
In ionic systems, WLOs are typically centered on atoms, and their delocalized features extending to nearest neighbour atoms indicate the degree of covalency. In strongly covalent systems, WLOs are typically bond-centered, while the atom-centered WLOs can be obtained by expanding the subspace of electronic states to include the unoccupied, antibonding states. As demonstrated in Fig-2 , the O1-centered [see Fig-1 ] WLO with 2p y orbital character and the Ti-centered WLO with 3d xy orbital character, are constructed using an extended subspace above the Fermi level, in cubic PTO. The width or"fatness"
22 of the bands in Fig-2 (a) and (b) is linearly proportional to their contribution to the two WLOs respectively while Fig-2(c) shows the 2p y orbital of O1 constructed within the occupied subspace. When constructed in the extended subspace, the antibonding contribution between the orbitals 2p y of O1 and the 3d xy of Ti from the bands above Fermi level in Fig-2 (a) destructively interfere with the corresponding bonding contributions from the bands below Fermi level to yield a pure 2p y like WLO shown in Fig-2(d) . Whereas, for the pure Ti 3d xy , shown in Fig-2(e) , the majority contribution comes from the band above Fermi level, as clearly indicated in Fig-2(b) . In the rest of this paper, we refer to the atom-centered WLOs constructed in the extended subspace as atomic orbitals (AO) and WLOs constructed within the occupied subspace as WFs.
C. Wannier Orbital Overlap Population (WOOP) and Wannier Orbital Position Population (WOPP)
A picture of bonding in a crystal obtained with Wannier functions is qualitative. To link it quantitatively to different chemical mechanisms of bonding, and we now introduce tools based on their projections on atomic orbitals. For clarity, we denote indices of WFs and atomic orbitals (AO's) in upper and lower case letters respectively.
In the first step, we express the WFs in terms of AOs {|φ j } as: |W I = N j=1 C Ij |φ j , where the AOs, N in number, may not necessarily form an orthonormal basis. C Ij 's can be determined by solving N simultaneous linear equations of the form:
where S mj = φ m |φ j . Normalization of |W I in terms of AOs is:
Evidently, a choice of AOs is quite important in obtaining the normalization of WFs accurately.
The part of the summand corresponding to l = m in the normalization of |W I gives the population of electrons at |φ l due to |W I . We generalize this to define "Wannier orbital overlap population"(WOOP) associated with the I-th WF as:
Choosing l and m corresponding to all the AOs centered on an atom, say A1 in Fig-3 , the population of electrons, which are centered on A1 and contribute to the W 1 , can be evaluated as:
Subsequently, the number of electrons populated in atom A1 can be estimated as I Q I A1 . Center of |W I can now be expressed in terms of the AOs: x I = lm C * Il X lm C Im , where X lm = φ l |x|φ m . We refer to the summand as "Wannier orbital position population"(WOPP) and denote it as:
This leads to the net contribution to Z ⋆ from |W I as:
Through appropriate choices of l and m in eqn- (11), the Z ⋆I x can be easily decomposed into contributions based on different chemical mechanisms responsible. These are classified into five broad categories: rigid shift (RS), charge transfer (CT) 10 , local polarizability (LP), covalency (COV) and other nonlocal changes (NC). For the WF centered on A1 (see schematic in Fig-3 ), these are defined by the following conditions on l and m:
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We have identified the dynamical charge transfer between cations (see Fig.-7) (TM as well as the one at A-site) as the key factor for their potential to drive ferroelectricity. As this charge transfer occurs along -TM-O-chains through the p orbitals of oxygen that are perpendicular to the chains, it is clear that perovskite is a structure very special for ferroelectricity for two reasons: (a) it has -TM-O-chains running in all the three directions and (b) its TMO 6 octahedra are all corner-shared with two-fold coordination of oxygen atoms giving two of the p orbitals of oxygen for facilitating this charge transfer. More generally, the tools of WOOP and WOPP developed here, will be useful in characterization of chemical bonding in variety of difference systems and phenomena. 
